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Abstract: The introduction of electron beam (EB) brings features of both simultaneous observation of ion milling process and 
improvement of ion-milling accuracy in a dual beam system consisting of focused ion beam (FIB) and scanning electron microscope 
(SEM). The experiments reveal that simultaneous EB can also decrease the fabrication line width significantly during the ion milling 
process. Considering the Coulomb interaction between ions and electrons, the effect of simultaneous EB on the diameter of FIB in 
the course of milling was studied by numerical simulation. Both experiments and simulation indicate that the achievable fabrication 
line width can be dramatically reduced under appropriate conditions by introducing EB. It provides a convenient and effective way to 
improve the fabrication precision in the SEM-FIB dual beam system. 
Key words: fabrication line width; numerical simulation; simultaneous electron beam; Coulomb interaction 
                                                                                                             
 
 
1 Introduction 
 
Recently, focused ion beam (FIB) has emerged as 
one of the important tools for both scientific researches 
and semiconductor industry applications due to its high 
patterning flexibility, high resolution, and relatively 
simple processing steps[1−6]. In order to achieve 
specific working functions, it can also be combined with 
various kinds of intruments, i.e. scanning electron 
microscope (SEM), molecular beam epitaxy, Ar ion 
beam system. Among them, the SEM-FIB systems are 
most widely used for the merits of live-time observation 
and increased ion milling accuracy by introducing EB. 
Now the SEM-FIB systems are booming up in both 
scientific research and semiconductor industries. 
However, in many commericial SEM-FIB systems, 
such as FEI Quanta™ 3D DualBeam™[7] and JEOL 
JIB-4500 MultiBeam SEM-FIB[8], EB is locked while in 
the process of ion milling. Attempts to achieve 
simultaneous features of dual beams have been successed 
in Zeiss[9] and Orsay Physics cooperations by 
assembling electromagnetic shield under the objective 
lens of electron/ion beams. 
Recently, we bulit-up a SEM-FIB system by 
combining an Orsay Physics Canion 31+ FIB column 
into the JEOL 6490-LV SEM in our laboratory. In this 
system, the electrons can be controlled simulantaeously 
while FIB milling. It is essential to study the effect of the 
EB on the FIB during the milling process for the very 
high particle density and complex charge distribution, 
especially near the surface of sample. However, 
quantitative analysis on the effects of simultaneous EB 
on the diameter of FIB has not been reported. In this 
paper, the effects of EB on the diameter of FIB during 
the milling process are studied experimentally and 
theoretically. Decreased fabrication line width is 
obtained under appropriate conditions. 
 
2 Experimental 
 
The influence of simultaneous electron beam on the 
milling process was investigated by comparing the full 
width at half-maximum (FWHM) of FIB milling line 
when simultaneous electron beam was on or off, which 
were got at different ion current at certain accelerating 
voltage. The reduction rate η of FIB fabrication line 
width is defined as: 
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All FIB milling experiments were performed with a 
dual beam SEM-FIB system assembled by our laboratory. 
This system combines an Orsay Physics Canion 31+ FIB 
column and a scanning electron microscope (JEOL 
JSM-6490LV) for the direct in-situ observation of the 
sample modification. The focused ion beam with 
energies up to 30 keV originates from liquid metal ions 
source (LMIS) from which Ga+ ions are extracted and 
then focused using a two-lens column setup. This 
focused ion beam spot size can be varied from several 
nanometers to several hundred nanometers by adjusting 
aperture diameter and beam current. This SEM-FIB dual 
beam system possesses a big sample chamber, with a 
high-speed 5-axis computer controlled stage. Except that, 
the dual beam system can also work with high vacuum 
and low vacuum model. The focused ion beam and 
electron beam can cross to a point above sample. Figure 
1 shows the principle schematic of the combined 
SEM-FIB system. As the two columns are inclined at a 
large angle (55°) relative to each other, this enables the 
face of specimen to be imaged with the electron beam 
whilst it is being milled to focus ion beam. It reduces the 
probability of milling through a feature of interest and 
shortens the time of processing. 
 
3 Results and discussion 
 
FIB milling was performed on Si wafers using a 30 
kV accelerating voltage with the electron beam current of 
50 μA in all experiments. As milling targets, silicon (100) 
wafers with sufficient initial smoothness were exposed to 
the gallium ion beam at the normal incidence. Prior to 
FIB irradiation, all Si wafers were cleaned and degreased 
with acetone, alcohol and de-ionized water. All FIB 
millings were performed under computer control at room 
temperature. The topographies of milling line by 
sputtering were observed by scanning electron 
microscopy. To get an accuracy curve on reduction rate 
of FIB fabrication line width, several experiments were 
done under the condition that ion current ranged from 1.2 
pA to 40.0 pA. By measuring the width of lines, we got 
the reduction rate of FIB fabrication line width (Fig.2). 
In order to get sharp image of milling line, a 10 nm Au 
layer was coated on Si substrate to extend its conduction. 
Figure 3 shows SEM images of line milled on Si 
substrate coated with 10 nm Au layer with accelerating 
voltage of 30 kV and current of 1.5 pA for 4 min when 
electron beam is on (Fig.3(a)) and off (Fig.3(b)), the 
 
 
Fig.1 Principle schematic of combined SEM-FIB system 
 
 
Fig.2 Milled line widths as function of ion current (a), reduction rate of FIB fabrication line width with electron beam being on (b) 
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Fig.3 SEM images of FIB milling line on Si substrate coated 
with Au layer with electron beam being on (a) and off (b), 
respectively 
 
width of line is 9.5 nm and 10.0 nm, respectively. As 
shown in Fig.3, the reduction rate of fabrication line 
width consists with Gauss distribution. It can be seen 
from Fig.2 that the reduction rate reaches the maximum 
value at moderate ion current of 17.2 pA, but it is small 
when the ion current is too low or high. 
As we know, the ion spot exhibits a nearly Gaussian 
profile in a normal ion beam system[10]. Additionally, 
the Coulomb interaction between the ions will make ion 
beam emanative. The emanative effect becomes larger 
with the increasing of ion beam current, and it has been 
shown to limit the lateral resolution in quantum 
nanostructure fabrication. The widths of fabrication lines 
were reduced by introducing simultaneous EB in our 
experiments. To understand the experiment results, the 
effect of electron beam on the ion beam need to be 
considered. Obviously, the change of gallium ion 
momentum induced by electrons is negligible when the 
energy of the two beams has close amplitude, as the ratio 
of electron mass and gallium ion mass is 1:130,000. 
What’s more, the effective interaction between the ions is 
greatly reduced when the ion beam meets the electron 
beam due to the screen effect of the negative charge 
background. Also, there is no necessary to consider the 
relativistic effect because the Ga+ ions are accelerated at 
voltage of 30 kV, the corresponding ions velocity is 
2.8×105 m/s and it is much smaller than the speed of 
light. 
After the ion beam left the objective lens, the ions 
run at the effects of Coulomb interactions between the 
ions. Our task is to solve the Newton equation (2) for the 
N particles: 
 
mai=qEi for i=1, …, N                        (2) 
where Ei is the sum of the Coulomb interaction field at 
the i-th particle due to all the particles in the bunch. Then, 
as the trajectories are traced, the Coulomb repulsion 
fields Ei, which exist between each pair of particles in 
the bunch, are computed using Coulomb’s inverse square 
law. 
The calculation will waste too much time if we take 
the Coulomb interaction into account during the whole 
process. Fortunately, we can simplify the problem by 
taking a zero order approximation when the Coulomb 
interaction is only a perturbation relative to the kinetic 
energy of the ions. Ion kinetic energy Ek and potential 
energy Eφ can be given by Eqs.(3) and (4), respectively, 
and Nj is the number of the around ions. We started to 
consider ion beam divergence caused by ion Coulomb 
force only when the potential energy of the ions in the 
Coulomb force field is up to kinetic energy of 0.1%. 
After leaving the objective lens, ions do a radial 
movement driven by an initial centripetal velocity. Over 
time, the average distance between ions decreases 
constantly, thus increasing the Coulomb force and ion 
beam divergence effect. In our simulation process, the 
coulomb effect was considered at 1 μm above the sample, 
and the diameter of the beam was 20 nm at the ion 
current of 12.5 pA. In Eq.(4), rj took approximately the 
average distance when calculating the potential energy of 
ion. Therefore, the potential energy was 28.6 eV, and was 
about 0.1% of kinetic energy of ion. 
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The ion current depends on the ion velocity v and 
ion density n. It can be given as: 
 
I=qnv                                       (5) 
 
where q is the charge of Ga+, the ion velocity v is 
2.8×105 m/s at the accelerating voltage of 30 kV. Known 
from Eq.(5), the ion current is only decided by ion 
density n. 
In a dual beam system, FIB can realize in-situ 
machining as the electron beam and ion beam cross into 
a point above the sample. If ion beam and electron beam 
cross above the sample, the neutralization reaction only 
occurs above the sample. If like this, the neutralization 
cannot reduce the emanative effect brought by the ions 
Coulomb force. In order to get a higher machining, we 
can increase the cross point by adjusting electron beam 
focus depth. As shown in Fig.1, the electrons and ions 
cross to a point. 
Gallium ions change into gallium atoms going with 
the collision of electrons and ions. A majority of the 
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electrons are absorbed and neutralized by Ga+ ions, only 
few electrons can transmit through ion beam. Thought 
there are electrons passing through ion beam, the effect 
brought to the milling process could be negligible, 
because its momentum is too small to milling sample 
contrast to Ga+ ion. 
Figure 4 shows the theoretical simulation of 
machining resolution at different ion current. Figure 4(a) 
shows ion distribution intensity as a function of the radial 
 
 
Fig.4 Simulated reduction rate of milling line as function of ion 
beam current: (a) Simulation plot of beam current density vs 
radial distance from center of beam and corresponding 
Gaussian fit for 15 pA; (b) Calculated milling line width as 
function of ion current; (c) Measured and calculated 
relationship between reduction rate of milling line width and 
ion current 
distance from the beam center, in which the 
corresponding simulated ion beam diameters with 
electron on and off are 31 nm and 39 nm, respectively. 
Figure 4(c) shows the theoretical and experimental 
increase of fabrication precision with ion current. 
 
4 Conclusions 
 
FIB and SEM were integrated into one system. This 
combination enabled researchers to perform cross- 
section, imaging and in-situ machining with one tool, 
streamlining the entire process. 
By comparing the width of milling line by FIB with 
electron beam on and off, it was found that the line width 
with the assistance of electron beam was smaller than 
that with the electron beam off. The experimental results 
indicated that electron beam can improve the FIB 
machining resolution in the machining process; however, 
the reduction rate of the milling line width fits the Gauss 
plot with the increase of ion current. Coulomb 
interactions between ions can make ion beam become 
divergent, and this is the main reason to limit FIB 
machining resolution. The neutralization of electrons can 
reduce ions divergence effect brought by Coulomb 
interactions. The width of milling line was in direct to 
divergence. The smaller the divergence, the better the 
resolution. As the ion beam current increases, the 
Coulomb interactions become strong. If electron beam is 
turned on, the electron beam can greatly reduce the 
divergence of ions by neutralizing ions, and thus will 
significantly improve the FIB fabrication resolution. The 
fabrication resolution reaches maximum when ion 
current is about 17.2 pA in our experiment. If the ion 
current continues to increase, electrons beam is difficult 
to neutralize most of ions; therefore, the increment of 
fabrication resolution is also reduced correspondingly. In 
our experiment, the effect of simultaneous electron beam 
on FIB milling line width is available when ion current is 
small. This is because the adjustable range of electron 
current is small in our assembled dual beam system. If 
the electron current can be adjusted in a large range, then 
the range of ion current that can reduce the milling width 
can also be adjustable at the assistance of electron beam. 
This is useful for the nanotechnology. 
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